Campbell and Grime (1989) developed a novel technique to establish zones of nutrient enrichment in sand without the use of physical partitions. It is shown here that this technique can be applied to estimate the radial spread of the functional root system from individual plants in monocultures. A model is presented which allows the radial extent of the functioning root system to be estimated from the change in shoot bromide concentration with distance from a boundary between bromide-enriched and non-enriched zones in a sand medium.
Introduction
Growth of individual plants within stands has been modelled on the assumption that growth depends upon light intercepted by these individuals, which is determined largely by their shoot morphology (Rhodes, 1971; Charles-Edwards and Thornley, 1973; Matthews et al., 1991; Goudriaan and Monteith, 1990; Dhote, 1991; Sinoquet and Cruz, 1993) . Although competition for soil resources has frequently been identified in field-grown plants, incorporation of below-ground resources in such models has been inhibited by difficulties studying the morphology of root systems (Caldwell, 1992) . The various methods used to study root system morphology was reviewed recently (Harper et al., 1991) . In this paper, an approach is described to deduce the radial spread of mineral absorption by individual plants within carrot monocultures, based on a novel technique developed by Campbell and Grime (1989) . Campbell and Grime (1989) used constant dripping from a manifold of tubes held above a container, to establish sharply-delimited zones of nutrient status in a sandy rooting medium, without the need for physical partitions. This was achieved by supplying different concentrations of nutrients to the different drip tubes. The technique depends upon a continuous supply of the different solutions, matched dripping rates from each tube and a rate of solution movement faster than the diffusion rates of the solutes. Campbell and Grime (1989) applied this technique to compare the plasticity of the rooting system of a single plant to exploit local zones of nutrient enrichment.
Here, the technique is applied to stands of carrots rather than to a single plant. Instead of supplying high or low nutrients continually throughout growth, sodium bromide was dripped on to half the plants in a stand for 24 h immediately before harvest. The objective was to supply a substance that would be quickly assimilated by the plants, was not toxic, and could be readily analysed in the shoots. A simple model is presented here, based on the bromide concentrations in the shoots of plants sampled at different positions from the bromide boundary, which estimates the radial spread of fibrous roots.
Materials and methods
Two experiments were conducted in a heated greenhouse with a 20/15 °C day/night temperature regime and supplementary lighting to provide a 16 h photoperiod. In both, crates 0.26 m high x 0.30 m wide x 0.51 m long (external dimensions) were filled with damp silver sand (Arnolds grade DA21D) to a depth of 15 cm. The long sides of each crate were strengthened by metal plates, and their bases were lined with Tygan mesh to retain the sand but allow water to drain freely. The moist sand was finned down and the surface smoothed using a scraper to create a level surface at a fixed distance from the top of each crate. Each crate was sown with a square array of pregerminated carrot seeds at a depth of 8 mm.
A framework of twelve 3 mm diameter tubes were placed on the rim of the crates immediately before supply of bromide solutions. The tubes were in a 3x4 rectangular grid, spaced 7 x 9 cm apart, respectively, and placed centrally above the crate in plan view. Hence, in plan view the aspect ratio of the entire array of tubes matched that of the sides of the crates. Each tube was held vertically by a metal frame work and had a small plastic connector (1.5 mm internal diameter) inserted in its end. The open ends of the connectors were about 5 mm above the surface of the sand. Multi-channel peristaltic pumps were used to deliver a constant flow of nutrient solution at the rate of 2 cm 3 min" 1 to each tube. One set of six (3x2) tubes over half of a crate, were supplied with nutrient solution, consisting of 1.5 kg of a 19-19-19 NPK soluble fertilizer dissolved in 10 000 1 (that is 0.20 mM N, 0.02 mM P and 0.03 mM K). The remaining set of 3 x 2 tubes over the other half of the crate were supplied with nutrient solution plus 25 mM NaBr for 24 h.
Experiment 1
Carrot seed of cv. Camden F, were sown on 11 and 17 September 1992, for replicates 1 and 2, respectively. Three crates on each of two replicate adjacent benches were set up. In each crate an array of 12x23 positions 2 cm apart were sown. The crates were supplied daily with nutrient solution using a watering can and rose, and at 40 and 47 d after sowing, one-half of a single crate from each replicate was exposed to 25 mM Br~ using the framework described above. After exposure, the shoots of the inner eight plants from each of the inner 19 rows of planting positions were cut at their insertion point and dried at 100 °C. The bulked dried plant material for each planting row was weighed, milled and the bromide content determined by iodometry (fColthoffand Belcher, 1957) . Bromide content of shoots from a crate grown in identical conditions, but not exposed to bromide, was also determined. Twelve samples of sand were taken with a 2 cm diameter auger for root length determinations. Four of the samples were centred on an individual planting position, four were from between two planting positions and the remaining four were from between four planting positions. The roots were washed free of sand and their length estimated by calculating the number of intersections crossed when plated out against a grid of lines (Rowse and Phillips, 1974) .
Experiment 2
Carrot seeds of cv. Amsterdam treated with iprodione to control fungal diseases, were used. The seed was pre-germinated for 4 d and sown on 19 October and 21 October 1993 in replicates 1 and 2, respectively. There was a high and low density treatment. At high density, the pre-germinated seeds were sown 2 cm apart in a square grid pattern, whereas at low density, the seedlings were spaced 4 cm apart. In each high density crate, there was a 14x21 array of seedlings, and each low density crate contained a 9 x 11 array of seedlings. Initially, crates were moistened with a fine spray of water, but from 3 November 1993 for replicate 1 and from 5 November 1993 for replicate 2, the crates were supplied with nutrient solution. Seedling establishment was approximately 90% and any missing plants were replaced with transplants taken from spare crates about a month after sowing. Some seedling losses were due to Cladosporium spp. and benomyl was applied on 10 November 1993. At 64 d, half a crate from each density in each replicate was exposed to 25 mM Br for 24 h, using the framework of tubes. After exposure, for the high density crates, the shoots of the inner ten plants from the inner 19 planting position rows were removed at their insertion point. For the low density crates, the shoots of the inner five plants from the inner nine rows were taken. The shoots from the two replicates of a given row were bulked and dried at 100 °C. The dried shoots were weighed and then the two replicates bulked, milled, and the bromide content determined, as for Experiment 1. Bromide content of shoots from a crate grown in identical conditions, but not exposed to bromide, was also determined.
Modelling
It is assumed here that, in plan view, the roots of individual plants spread radially in all directions and, within the perimeter of roots, there is no variation in the efficiency of nutrient assimilation. It is further assumed that the root systems of plants will freely intermingle. For a plant with all its roots in the zero bromide half of the crate, the shoots will have a small bromide content, b m , reflecting the background presence of bromide in the sand and nutrient solution. For a plant with all its roots within the bromide zone, there will be a much higher concentration of bromide in the shoots, b. Now, if a plant has a fraction, p, of its root system in the bromide zone, then the bromide concentration in the shoots, b, will be given by
The value of p can be defined in terms of the distance, d, of the plant from the bromide boundary and the radius of the circle subtended in plan view of the root system, r. Hence
See Appendix 2 for derivation. The parameters b m , b and r were determined by minimizing the difference between observed and fitted log,, b, values. The fitted values were calculated using the known plant positions, equation (1) and the details in Appendix 2. Equation (1) was fitted separately to each harvest of Experiment 1 and to each density in Experiment 2.
Results

Experiment 1
There was prolific fibrous root growth, achieving a density of 11.6 cm cm' 3 of sand. This value was not affected by either harvest date or sampling position (P>0.05), whereas shoot dry weight per plant increased from 74 to 80 mg between 40 and 47 d after sowing. Position in the crate did not affect shoot dry weight (P>0.05). The concentration of bromide in shoots of plants in the bromide-treated half of the crates was almost ten times greater than in those in the no-bromide-treated half (Fig. 1) . At both harvests there was very little change in bromide concentration in the shoots with row position for plants greater than 5 cm from the mid-point (bromide-no bromide boundary), but with a rapid change over the 10 cm across the mid-point (Fig. 1) . The bromide content for plants in the no-bromide zone was similar to that of control plants taken from crates not exposed to bromide (302±44 /xg g" 1 dry matter). There was close agreement between the observed values of bromide content and those fitted by the model (Fig. 1) . The residual mean square after fitting an analysis of variance model to the first harvest was 0.057 (residual degrees of freedom = 10), whereas the value for equation (1) was 0.143 (number of observations = 23). The corresponding values for the second harvest were 0.044 (residual degrees of freedom = 17), and 0.042 (number of observations = 26), respectively. The radial spread of the fibrous roots was estimated to increase from 2.7 cm at 40 d to 6.9 cm at 47 d (Table 1) .
Experiment 2
At 64 d, the mean shoot dry weight of plants spaced at 2 cm and 4 cm were 57 mg and 123 mg, respectively. The bromide concentration in the shoots showed a similar response to plant position to that identified in Experiment 1 (Fig. 2) and the bromide content for plants in the no-bromide zone was similar to that of control plants (591 ng g" 1 dry matter). The residual mean square after fitting an analysis of variance model to the 2 cm spacing treatments first harvest was 0.0089 (residual degrees of freedom =10), whereas the value for equation (1) was 0.0204 (number of observations = 22). The corresponding values for the 4 cm spacings were 0.0073 (residual degrees of freedom = 8), and 0.026 (number of observations = 18), respectively. The radial spread of the fibrous roots was estimated from the model to be 4.2 cm at 2 cm spacing and 6.6 cm at 4 cm spacing (Table 1) .
Discussion
The purpose of this paper is to show that the Campbell and Grime (1989) technique can be used to investigate spatial aspects of root system functioning for individual plants in monocrop stands. Preliminary experiments showed that stable vertically labelled zones can be established in large volumes of sand, confirming the results of Campbell and Grime (1989) . This simple model of the radial extent of the functional root system gave a good fit to the experimental data, with little systematic deviation, and a residual mean square error in one set of data similar to that obtained after fitting an analysis of variance model. There was no evidence of any toxic effect of the bromide application on the plants. Concentrations as high as 250 mg bromide g" 1 shoot dry matter are not injurious to carrots (Martin, 1966) , whereas the maximum concentrations in the shoots in our study were only approximately 5 mg g" 1 dry matter. The technique applied here may not match the exact physical extent of the longest roots, but it gives a measure of the radial extent of active mineral nutrient uptake. Root density decreases exponentially with distance from plants (Goodman and Greenwood, 1976; de Willigen and van Noordwijk, 1987) , but the spatial distribution of soil water and mineral content did not match the pattern of rooting density (Goodman and Greenwood, 1976) . This may explain why the model proposed here gave good descriptions of the shoot bromide concentration data, despite its simplicity. It is the spatial aspect of the functioning of the root system that is required for an understanding of the below-ground interactions between individual plants (Mou et al., 1993) . The limited results presented here indicate that flux of nutrients for even small individual plants is from a volume of sand that extends over several centimetres and root systems of neighbouring plants must compete for nutrients. Excavation studies of closely spaced orchard trees show that individual root systems can overlap those of several neighbours (Caldwell, 1992) .
Most root research has concentrated upon determining the physical extent of the root system, by either excavating the root systems or by using radioactive isotopes. Harper et al. (1991) provide an excellent review of these techniques. These approaches are laborious and possibly hazardous, involving the use of radioactive isotopes. Furthermore, although they give an estimate of the physical extent of the root system, they may not reflect its functional extent.
Plants may assimilate all their phosphorus and nitrogen requirements from only a small proportion of the root system (Lu and Barber, 1985; Burns, 1991) . This would lead to the expectation that plants with only a small fraction of their root system in the bromide half of the crate would have as high a bromide shoot concentration as those with all their roots in bromide-treated sand. Consequently, the inflection point on the curve on Figs 1 and 2 would be expected to shift to the left of the midpoint. There is no evidence that this has occurred, probably because plants can adapt to restricted mineral nutrient supply over only several days (Burns, 1991) rather than the 24 h available in these experiments.
The change in bromide concentration with row position might be a function of the transport time of bromide along the roots to the shoots. This is unlikely to be a major factor influencing the shape of the curves in Figs 1 and 2 as bromide would presumably move rapidly in the transpiration stream. Furthermore, the shape of the bromide concentration verses row position curve was similar for plants exposed to bromide for 24 and 48 h (data not shown).
The technique would be exploited to the greatest extent if it can be used reliably in all soil types. Bromide has been used as a tracer to estimate the spatial uniformity of water applied by irrigation (Hamdi et al., 1994) , but at low rates of movement the dispersion coefficient would be dominated by molecular diffusion (Gerritse and Singh, 1988) . Despite this limitation, this technique could provide a simple inexpensive and non-toxic method of estimating radial spread of individual root systems for crops growing in homogeneous sandy soils, perhaps using trickle irrigation systems. Any gross spatial heterogeneity or low rate of water movement, though, would obscure the relationships in Figs 1 and 2.
Appendix 1
Several trials were carried out to confirm that the method of Campbell and Grime (1989) was applicable to plants growing in containers larger than they used. First a hollow perspex cylinder 19 cm internal diameter and length of 75 cm, was filled with damp sand (Arnolds industrial grade DA21D, waterholding capacity 18 g water 100 g~' dry sand) and then held vertically in a stand. The sand was prevented from falling out of the cylinder by Tygan mesh supported next to the bottom of the cylinder by a plate with 4 mm diameter holes drilled in it. Hence, there was little impedance to free drainage. A lid was placed over the top of the cylinder and four hypodermic needles pushed vertically through it to be equidistantly spaced at a distance of 5.6 cm from the centre of the lid. The needles were connected to tubes from a peristaltic pump to supply each needle at a rate of 2 cm 3 min~' of dye. Two of the tubes were supplied with rose bengal and the other two tubes were supplied with green chart recorder ink. Distinct vertically coloured zones were observed to form down the sand column, with no or little observable overlap of colours down its entire length.
Next, trials were set up using 20 cm diameter plastic plant pots filled with the sand to a depth of 13 cm. The bases of the pots were lined with Tygan mesh to retain the sand. The lid and needles from the perspex cylinder were held above the pot. For 24 h the dyes were supplied as described for the cylinder. Carefully excavating the sand demonstrated that the dyes remained in distinct vertical zones to the base of the pots. Next, instead of using dyes, one side of a pot was supplied with 10 mM NaBr at a rate of 2 cm 3 min~l, and the other side was supplied with water. The sand was sampled with a 2 cm diameter auger and the bromide content of the sand solution estimated with a bromide electrode. This was done twice and on both occasions there was a distinct difference in the bromide concentration of the two halves (Fig. 3) . On a third 'run', 100 mM of NaBr was supplied for 24 h. Again, there was distinct difference in the bromide concentration in the sand between the two halves of the pot, with no difference between the sand in the upper 8 cm and that in the lower 5 cm of the pot (Fig. 4) . The inflection point of the curves in Figs 
Appendix 2
Consider a plant is at position x, a distance d from the boundary between bromide and non-bromide halves of the crate, with a root system that in plan view subtends a circle of radius r. The boundary creates a chord cutting across this circle, so that the roots in an area A are exposed to bromide, whereas those in area B are in a bromide free area (Fig. 5 ). Now
where a A and a B are the areas of the parts A and B, respectively, of the circle. 
Care must be taken to ensure that the equations are correctly applied for the circumstances when area A occupies more than half the circle, or when the circle is not cut by the bromide-no- bromide boundary. A list of the symbols used in the paper is given below.
a A Area of the root system in plan view that is in bromideenriched sand (cm 2 ). a B Area of the root system in plan view that is not in bromideenriched sand (cm 2 ). b
The additional concentration of bromide in the shoots of plants exposed to bromide-enriched nutrient solution (g g" 1 dry matter). b m The concentration of bromide in the shoots of plants not exposed to bromide-enriched nutrient solution (gg" 1 dry matter). p The proportion of the circle subtended by the root system in plan view which is in bromide-enriched sand. r
The radius of the circle subtended by the root system in plan view (cm). 8
Half the angle subtended at the centre of the circle subtended by the root system in plan view by the chord created by the boundary between the bromide-enriched and nonenriched sand.
